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Abstract
The exploitation of cellular functions and host proteins is an essential part of viral replication. The study of this interplay has provided
significant insight into host cell processes in addition to advancing the understanding of the viral life-cycle. Poliovirus utilizes a multifunctional
cellular protein, poly(C) binding protein 2 (PCBP2), for RNA stability, translation and RNA replication. In its cellular capacity, PCBP2 is involved
in many functions, including transcriptional activation, mRNA stability and translational silencing. Using a novel protein–RNA tethering system,
we establish PCBP2 as an essential co-factor in the initiation of poliovirus negative-strand synthesis. Furthermore, we identified the conserved KH
domains in PCBP2 that are required for the initiation of poliovirus negative-strand synthesis, and showed that this required neither direct
RNA binding or dimerization of PCBP2. This study demonstrates the novel application of a protein–RNA tethering system for the molecular
characterization of cellular protein involvement in viral RNA replication.
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Poly(C) Binding Protein 2 (PCBP2; also called hnRNP E2
and αCP2) is one of a family of poly(rC/dC) binding proteins
which include hnRNP K and PCBPs 1–4 (Matunis et al., 1992;
Leffers et al., 1995; Kiledjian et al., 1995; Makeyev and
Liebhaber, 2000). In addition to their nucleic acid binding
specificity, this protein family is characterized by the presence
and positioning of three, highly homologous, KH domains
(hnRNP K Homology domains) (Gibson et al., 1993; Siomi
et al., 1993). In the case of the PCBPs, the first and third KH
domains contain the primary nucleic acid binding activity,
although the second domain may enhance binding affinity and/
or specificity (Dejgaard and Leffers, 1996; Du et al., 2007). The
structure of the KH domain is highly conserved, regardless of
surrounding sequence context, acting as an independent cassette
which can be evolutionarily tuned to a specific function. Al-
though initially characterized as RNA binding proteins involved
in pre-mRNA metabolism, more recent work has described an⁎ Corresponding author.
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which PCBPs participate. As yet, the most extensively studied
family members are hnRNP K, PCBP1 and PCBP2. Current
work has firmly established the involvement of the PCBP
protein family in mRNA stabilization, transcriptional regula-
tion, translational control and apoptotic program activation
(reviewed by Makeyev and Liebhaber, 2002). The mRNAs tar-
geted by these proteins are diverse as well, including α-globin,
15-lipoxygenase, collagen αI and androgen receptor (Ostareck
et al., 1997; Stefanovic et al., 1997; Chkheidze et al., 1999;
Yeap et al., 2002).
Poliovirus (PV) possesses a single-stranded positive senseRNA
genome and is a prototypic member of the family Picornaviridae.
Many members of this family, including PV, utilize the PCBPs
during their replication, and one such example is the use of PCBP1
and/or PCBP2 in the cap-independent initiation of translation
mediated by type I Internal Ribosomal Entry Sites (IRES) (Dildine
and Semler, 1992; Blyn et al., 1996). In addition to the IRES, the
PV genome contains a 5′-terminal cloverleaf (5′CL) structure that
is essential for RNA replication and is conserved among all
members of the Enterovirus genus (Andino et al., 1990, 1993;
Xiang et al., 1995; Zell and Stelzner, 1997; Herold and Andino,
281A. Spear et al. / Virology 374 (2008) 280–2912001; Teterina et al., 2001; Barton et al., 2001; Lyons et al., 2001).
The 5′CL is divided into four domains: stem a and stem-loops b, c
and d (Fig. 1b). Stem-loop d binds a viral protein, 3CDpro, and
stem-loop b binds PCBP1 or PCBP2 (Fig. 3, top) (Andino et al.,
1990, 1993; Parsley et al., 1997; Gamarnik and Andino, 1997).
While PCBP1/2 bind to the 5′CL in the absence of viral proteins,
the concomitant binding of 3CD results in a nearly 100-fold
increase in PCBP binding affinity (Gamarnik and Andino, 2000).
In addition, PV RNA replication is inhibited in PCBP-depleted
HeLa S10 extracts, which suggests that PCBP binding to the 5′
cloverleaf is required in one or more steps of the viral RNA
replication cycle (Walter et al., 2002).
In the current study,we investigated the role of the PCBP2/5′CL
RNP complex in PV RNA replication. Herein, we show that either
direct binding or tethering of PCBP2 to the 5′CL was required to
form a functional replication complex that could initiate PV
negative-strand synthesis. We describe a novel protein–RNA
tethering system that was used in a functional analysis of PCBP2
relative to its role in PV RNA replication. Using the protein–RNA
tethering system, we identified and characterized the domains in
PCBP2 that were required for negative-strand synthesis indepen-Fig. 1. Schematic of poliovirus RNAs used in this study. (A) PV1ΔGUA3 RNA contai
the 3′NTR, rendering it incapable of RNA replication. P23 RNA contains a deleti
replication proteins. F3 RNA contains a deletion of both the P1 and P2 coding region
P3 coding region, producing a frameshift which results in premature termination of
C24A mutation (left) and the MS2 5′ cloverleaf (right).dent of their ability to bind to the 5′ CL. The protein–RNA
tethering system provides a novel experimental approach to
perform a genetic analysis of PCBP2 as well as other cellular
proteins that are required for specific steps in the viral replication
cycle.
Results
A mutation in stem-loop b of the 5′ cloverleaf inhibits negative-
but not positive-strand synthesis
To clarify the role of PCBP binding to the 5′CL in PV RNA
replication, we used a subgenomic PV RNA transcript (P23
RNA) which encodes all of the essential viral replication pro-
teins and forms functional RNA replication complexes in cell-
free reactions (Fig. 1A). We compared the replication of wild-
type P23 RNA with the replication of the same RNA with a
C24A mutation in stem-loop b of the 5′CL (P23–5′CL(C24A)
RNA) (Figs. 2A and B). The 5′CL(C24A) mutation was shown
in previous studies to inhibit the binding of PCBP to the 5′CL
and the formation of the 5′ RNP complex (Andino et al., 1993;ns the entire poliovirus genomic RNA sequence with a five nucleotide deletion in
on of the P1 capsid coding region, however, it does encode all essential viral
s. In addition, F3 RNA contains a two nucleotide deletion at the beginning of the
translation. (B) Sequence diagrams of both the wild-type 5′ cloverleaf with the
Fig. 2. A mutation affecting PCBP binding to the 5′ cloverleaf affects negative-
strand synthesis. Replication of subgenomic RNAs were measured using
preinitiation replication complexes (PIRCs) isolated from HeLa S10 transla-
tion–replication reactions. Radiolabeled product RNAs were visualized by
CH3HgOH-agarose gel electrophoresis and autoradiography. (A) Replication of
wild-type and 5′CL(C24A) RNAs were assayed as described in Materials and
methods. P23 RNA transcripts contained two additional 5′ terminal G residues
and support only negative-strand synthesis. RzP23 RNA has an authentic 5′
terminus that was generated by the inclusion of a hammerhead ribozyme
upstream of the first viral nucleotide, and supports both negative- and positive-
strand synthesis. (B) Replication of either wild-type F3 RNA or F3–5′CL
(C24A) RNA was performed in trans-replication assays as described in
Materials and methods. A non-replicating helper RNA [PV1ΔGUA3] was used
to provide equal levels of the poliovirus replication proteins in each reaction.
Each input template RNA was capped, to ensure equal template stability.
Fig. 3. Schematic of (MS2)2 protein tethering system. (A) Template RNAs
which contain the wild-type 5′CL bind PCBP2 at stem-loop b and viral protein
3CD at stem-loop d. (B) Template RNAs which contain the mutant 5′CLMS2
(Fig. 1B) do not bind PCBP2, but do bind viral protein 3CD. (MS2)2PCBP2
fusion protein binds to the MS2 stem-loop in the 5′CLMS2 RNAvia the (MS2)2–
RNA interaction.
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was assayed using preinitiation RNA replication complexes
(PIRCs) isolated from HeLa S10 translation–replication reac-
tions. Negative-strand synthesis was measured in PIRCs iso-
lated from HeLa S10 reactions that contained P23 RNA. These
RNA transcripts contain two 5′ terminal non-viral G's which
inhibit positive-strand initiation (Barton et al., 2002; Morasco
et al., 2003). Positive-strand synthesis was measured in PIRCs
isolated from reactions that contained Rz-P23 RNA. These
transcripts contain an authentic 5′ terminus that is generated by
hammerhead ribozyme and support both positive- and negative-
strand initiation (Herold and Andino, 2000; Barton et al., 2002;
Morasco et al., 2003). The use of both P23 RNA and Rz-P23
RNA in separate reactions allows for the independent measure-
ment of both negative- and positive-strand synthesis. Because
positive-strand synthesis is dependent on the preceding syn-
thesis of it's negative-strand template, the levels of positive-
strand synthesis were determined using the ratio of (+)/(−)
strand synthesis, as previously described (Sharma et al., 2005).
In reactions containing P23–5′CL(C24A) RNA, negative-
strand synthesis was 10–20% of the amounts observed with
wild-type P23 RNA (Fig. 2A, compare lanes 1 and 3). In
contrast, no significant change in the ratio of (+)/(−) strand
synthesis was observed in these reactions (Fig. 2A, lanes 1–4).This indicated that the 5′CL(C24A) mutation inhibited negative
but not positive-strand initiation. However, the overall levels of
translation observed with P23–5′CL(C24A) RNA was about
50% of the levels observed with wild-type P23 RNA (data not
shown). To eliminate the possibility that the observed decrease
in translation was responsible for the decrease in negative-
strand synthesis, we performed trans-replication assays which
normalized the levels of viral protein synthesis in each reaction.
In these experiments, translation of a non-replicating helper
RNA (PV1ΔGUA3 RNA) provided all the viral replication
proteins in trans, and a subgenomic RNA template (F3 RNA)
was used to measure viral RNA replication. Because of the
instability of PV RNAs which contain the C24A mutation, F3
RNA transcripts with a 5′cap were used in these experiments
(Murray et al., 2001). In the trans-replication assays, we again
observed that negative-strand synthesis was inhibited in the
reactions with F3–5′CL(C24A) RNA compared to the reactions
with F3 RNA (Fig. 2B). Taken together, these experiments
demonstrated that P23–5′CL(C24A) RNA was defective for
negative- but not positive-strand synthesis. This result also
suggested that binding of PCBP to the 5′CLwas an essential step
283A. Spear et al. / Virology 374 (2008) 280–291in the formation the RNA replication complex that is needed to
initiate negative-strand synthesis.
(MS2)2 Protein–RNA tethering system
Tethered function assays have been used to study the activity
of cellular proteins in mRNA metabolism and regulation apart
from their RNA binding affinity and specificity (reviewed in
Coller and Wickens, 2002). One system that is used for this type
of assay takes advantage of the high-affinity interaction of the
MS2 bacteriophage coat protein with its cognate RNA stem-
loop structure (Carey et al., 1983; Coller et al., 1998). The MS2
tethered function system requires the generation of an in-frame
fusion of the MS2 coat protein with the protein of interest. At
the same time, the native protein binding site in the target RNA
is replaced with the MS2 RNA stem-loop structure (Carey et al.,
1983). Co-expression of the MS2 fusion protein targets the
protein of interest to the MS2 stem-loop structure in the target
RNA. This system was used by Kong et al. to demonstrate that
human α-globin mRNA is stabilized by tethering an isoform of
murine PCBP2 (PCBP2-KL) (Kong et al., 2003). Because the
MS2 coat protein binds to the MS2 stem-loop as a dimer, Hook
et al. examined the use of a covalent dimer of the MS2 protein,
first described by Peabody and Lim (Peabody and Lim, 1996;
Hook et al., 2005). This head-to-tail covalent dimer of MS2 coat
proteins, here termed (MS2)2, results from the in-frame fusion
of tandem MS2 open reading frames by a linker sequence.
Using this approach, Hook et al. observed an increase in spec-
ificity and efficacy of the covalent dimer system, relative to that
of a single MS2 fusion (Hook et al., 2005). For these reasons,Fig. 4. (MS2)2PCBP2 binds selectively to the mutant 5′CL
MS2 RNA. (A) Electroph
(lanes 1–4) or 5′CLMS2 RNA (lanes 5–8). The RNA probe was either run alone (l
bacterially expressed rPCBP2 (lanes 3 and 7) or a vector control bacterial extract (lan
endogenous cellular PCBP is labeled as complex I. (B) Electrophoretic mobility shi
CLMS2 RNA (lanes 6–10). The probe was either run alone (lanes 1 and 6), with a m
reactions in which the indicated proteins were expressed (lanes 3–5, 8–10). Specific
PCBP (complex I), or with the 5′CLMS2 RNA and (MS2)2 or (MS2)2PCBP2 (compwe developed a protein–RNA tethering system using the
(MS2)2 covalent dimer to directly examine the role of PCBP2
tethered to the 5′CL in PV RNA replication.
In the case of wild-type PV RNA, PCBP binds to stem-loop b
in the 5′CL and viral protein 3CD binds to stem-loop d (Fig. 3A).
By replacing the majority of stem-loop b with an equally sized
MS2 stem-loop structure (5′CLMS2), we predicted that the bind-
ing of PCBP to the 5′CLMS2 would be abolished. In addition, the
expression of the (MS2)2PCBP2 covalent dimer fusion protein
in the presence of the 5′CLMS2 RNA, should tether PCBP2 to the
5′CLMS2 via the interaction of the (MS2)2 covalent dimer with
the MS2 RNA stem-loop structure (Fig. 3B). By extension, we
predict that PV RNA transcripts containing the 5′CLMS2 will be
defective for negative-strand synthesis, and that co-expression
of the (MS2)2PCBP2 fusion protein in the same reaction should
restore negative-strand synthesis showing that PCBP2 is
required for negative-strand initiation.
(MS2)2PCBP2 binds specifically to 5′CL
MS2 RNA
To establish the functionality of the MS2 protein–RNA
tethering system, we first performed electrophoretic mobility
shift assays (EMSA) to examine the protein binding profile
of the 5′CLMS2 relative to that of the 5′CLWT. As expected, the
5′CLWT RNA probe formed a previously characterized PCBP–
5′CL RNP complex (complex I) with either endogenous PCBP2
in HeLa S10 extracts or recombinant PCBP2 (rPCBP2) (Fig. 4A,
lanes 1–4) (Andino et al., 1993; Parsley et al., 1997; Gamarnik
and Andino, 1997). In contrast, complex I was not formed in
identical binding assays containing the 5′CLMS2 RNA probeoretic mobility shift assay using radiolabeled RNA probes, either 5′CLWT RNA
anes 1 and 5), with mock HeLa S10 translation reaction (lanes 2 and 6), with
es 4 and 8). The specific RNP complex formed with the 5′CLWT RNA probe and
ft assay using radiolabeled RNA probes, either 5′CLWT RNA (lanes 1–5) or 5′
ock HeLa S10 translation reaction (lanes 2 and 7), or with HeLa S10 translation
RNP complexes were formed with the 5′CLWT RNA and endogenous cellular
lex II).
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to 5′CLMS2 RNA probe, as predicted.
HeLa S10 translation–replication reactions were programmed
with a non-translating RNA (mock translation) or protein
expression RNAs which encoded either PCBP2, (MS2)2 or
(MS2)2PCBP2. As expected, the PCBP–5′CL complex (com-
plex I) was formed in binding assays containing the 5′CLWT RNA
probe (Fig. 4B, lanes 2–5) but not in assays containing the 5′CLMS2
RNA probe (Fig. 4B, lanes 7–10). The expression of exogenous
PCBP2, (MS2)2 or (MS2)2PCBP2 had no significant effect
on the formation of complex I with the 5′CLWT probe (Fig. 4B,
lanes 3–5). However, the expression of either (MS2)2 or (MS2)2-
PCBP2 resulted in the formation of a new slower-migrating RNP
complex (complex II) with the 5′CLMS2 RNAprobe (Fig. 4B, lanes
9–10). This demonstrated that the (MS2)2PCBP2 fusion protein
binds specifically to 5′CLMS2 RNA and not wild-type RNA.
(MS2)2PCBP2 restores negative-strand synthesis on
P23–5′CLMS2 RNA
To ascertain the effectiveness of the MS2 protein–RNA
tethering system, we measured the levels of negative-strand syn-
thesis observed with P23–5′CLMS2 RNA in presence or absence
of (MS2)2PCBP2. Negative-strand synthesis was measured in
PIRCs isolated fromHeLa S10 reactions that contained either P23
RNA or P23–5′CLMS2 RNA and an equimolar amount of a
protein expression RNAwhich expressed either (MS2)2, PCBP2
or (MS2)2PCBP2. In the reactions that contained P23 RNA,
similar levels of negative-strand RNA were synthesized in the
reactions which contained either (MS2)2 or (MS2)2PCBP2
(Fig. 5, lanes 1 and 3). The negative-strand RNA synthesized in
these reactions was supported by the endogenous PCBP in the
HeLa S10 extracts. In contrast to the above results, there was a
detectable increase in negative-strand synthesis in the presence of
exogenous PCBP2 (Fig. 5, lane2). In the reactions containing
P23–5′CLMS2 RNA, negative-strand synthesis was reduced to
barely detectable levels in the reactions that contained either
the (MS2)2 or PCBP2 expression RNAs (Fig. 5, lanes 4–5). In
contrast, a large increase in negative-strand synthesis was ob-
served in the reaction containing the (MS2)2PCBP2 expressionFig. 5. Expression of (MS2)2PCBP2 restores negative-strand synthesis on a
5′CLMS2 RNA template. Negative-strand synthesis was measured in reactions
containing either P23 RNA (lanes 1–3) or P23–5′CLMS2 RNA (lanes 4–6) as
described in Materials and methods. Each reaction contained either P23 RNA or
P23–5′CLMS2 RNA and an equimolar amount of a protein expression RNA
which expressed either (MS2)2, PCBP2 or (MS2)2PCBP2, as indicated. Both
template RNAs were capped to ensure equal template stability.RNA (Fig. 5, lane 6). In this reaction, negative-strand synthesis
increased approximately 100-fold over the levels observed in the
(MS2)2 or PCBP2 control reactions (Fig. 5, compare lane 6 with
lanes 4–5). This was in direct contrast to the reaction containing
P23 RNA where there was no detectable increase in negative-
strand synthesis in the presence of (MS2)2PCBP2 (Fig. 5, com-
pare lanes 1 and 3). Therefore, these results clearly established the
effectiveness of the MS2 protein–RNA tethering system and
showed that PCBP2 either directly bound or tethered to the 5′CL
in PV RNAwas required for efficient negative-strand initiation.
Deletion analysis of PCBP2 using the (MS2)2 protein–RNA
tethering system
To define the region of PCBP2 involved in the protein–protein
or protein–RNA interactions relevant to the initiation of negative-
strand synthesis, we performed a deletion analysis of PCBP2,
followed by a test of function using the MS2 protein–RNA
tethering system. The PCBP2 coding sequence was divided into
three regions, each region containing one of the three conserved
KH domains (Fig. 6A). The coding sequence for each of these
regions was expressed as a (MS2)2 fusion protein in reactions
containing P23–5′CLMS2 RNA. As before, relatively large
amounts of negative-strand RNAwas synthesized in the presence
of (MS2)2PCBP2 compared to the trace amounts synthesized in
the (MS2)2 and PCBP2 reactions (Fig. 6B, lanes 1–3). Expression
of either the (MS2)2KH1[Region] or (MS2)2KH2[Region] fusion
proteins also failed to support negative-strand synthesis above
background levels (Fig. 6B, lanes 4–5). In contrast, the
expression of the (MS2)2KH3[Region] fusion protein restored
negative-strand synthesis to levels slightly higher than those
observed with (MS2)2PCBP2 (Fig. 6B, lanes 1 and 6). This
suggested that the dominant domain in PCBP2 that is required for
negative-strand initiation resides in the C-terminal 130 amino
acids of PCBP2, which includes the KH3 domain.
A recent structural analysis of the KH domains of PCBP2
revealed an intramolecular interaction between the KH1 and
KH2 domains that was predicted to influence the function of
one or both of the domains (Du et al., 2007). In considering this
potential effect on the functional activity, the amino-terminal
region of PCBP2, including both KH1 and KH2 domains, was
fused to the (MS2)2 protein (Fig. 6A, (MS2)2KH1/2[Region]).
The replication of P23–5′CLMS2 RNA was measured in the
presence of the (MS2)2KH1/2[Region] fusion protein. In this
reaction, negative-strand synthesis was restored to about 70% of
the amount observed with (MS2)2PCBP2 and about 50% of the
amount observed with (MS2)2KH3[Region] (Fig. 6C, lanes 1, 4
and 5). Therefore, the results of this replication assay were
consistent with the results of the structural studies which pre-
dicted the direct interaction of the individual KH1 and KH2
domains might be important for certain functions of PCBP2 (Du
et al., 2007).
To ensure that the differences in replication efficiency ob-
served in Fig. 6 were not a secondary result of variations in the
synthesis (or stability) of the (MS2)2 fusion proteins or the viral
replication proteins, we routinely measured the amount of pro-
tein synthesized in each replication reaction. Labeled proteins
Fig. 6. Identification of the KH domains in PCBP2 that are required for negative-
strand synthesis using the (MS2)2 protein–RNA tethering system.
(A) Schematic of the domain structure of PCBP2 (top), including the conserved
KH1, KH2 and KH3 domains. PCBP2 was divided into three regions based on
the KH domains, and the resulting protein fragments are depicted above. An N-
terminal fragment of PCBP2 which contained both the KH1 and KH2 domains
is also shown. (B) Negative-strand synthesis was measured in reactions con-
taining P23–5′CLMS2 RNA, and an equimolar amount of a protein expression
RNA which expressed either (MS2)2, PCBP2, (MS2)2PCBP2, (MS2)2 KH1
[Region], (MS2)2KH2[Region], (MS2)2KH3[Region] or (MS2)2KH1/2
[Region] as indicated. (C) Negative-strand synthesis was measured in reactions
containing P23–5′CLMS2 RNA and a protein expression RNA as indicated
above. The total molar RNA concentration and molar RNA ratio were main-
tained in each reaction, and the input template RNA contained a 5′ cap.
Fig. 7. Levels of protein synthesis observed in the (MS2)2 protein–RNA
tethering replication reactions. HeLa S10 translation reactions which correlate to
those described in Fig. 6 were incubated with [35S]methionine to label the protein
products. The labeled proteins synthesized in these reactions were analyzed by
SDS-PAGE and autoradiography. Each reaction contained an equimolar amount
of P23–5′CLMS2 RNA and the indicated (MS2)2 fusion protein expression RNA.
Fig. 8. Characterization of the PCBP2 KH3 domain in negative-strand synthesis
using the (MS2)2 protein–RNA tethering system. (A) Schematic of PCBP2 and
the KH3 domain deletion mutants used in this experiment. (B) Negative-strand
synthesis was measured in reactions containing P23–5′CLMS2 RNA and an
equimolar amount of a protein expression RNA as indicated above. The total
molar RNA concentration and molar RNA ratio were maintained in each
reaction, and the input template RNA contained a 5′ cap.
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[35S]methionine and were examined by SDS-PAGE and
autoradiography (Fig. 7). The results of this experiment indi-
cated that all of the (MS2)2 fusion proteins were synthesized
in similar amounts as full-length, intact proteins (Fig. 7).
Likewise, similar levels of the labeled viral proteins were syn-
thesized in each reaction (Fig. 7). The results of this experiment
and others indicated that the significant differences in negative-
strand synthesis that were observed in Fig. 6 and other repli-
cation assays were not a secondary result of differences in the
synthesis or stability of the (MS2)2 fusion proteins or the viral
replication proteins.
The region of PCBP2 which supported the highest levels of
negative-strand synthesis was the C-terminal fragment which
contained the KH3 domain (Fig. 8A). To determine if the KH3
domain alone was responsible for this activity, the residual N-
and C-terminal amino acid sequences outside of KH3 domain
were deleted to form the KH3[Domain] fusion protein construct
(Fig. 8A). Separate N- and C-terminal deletions were also made
within the KH3 domain, removing the N-terminal β-strand andthe C-terminal α-helix respectively (Fig. 8A). Due to the
structurally conserved nature of the KH domain, these deletions
would be expected to perturb the tertiary structure of the KH3
domain and to disrupt structurally-dependent protein interaction
surfaces. The coding sequences for each of these mutants was
fused to (MS2)2, and the replication of P23–5′CL
MS2 RNAwas
measured in the presence of the individual fusion proteins.
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SDS-PAGE (data not shown). Expression of the (MS2)2PCBP2
and (MS2)2KH3[Region] fusion proteins supported negative-
strand synthesis on P23–5′CLMS2 RNA (Fig. 8B, lanes 1
and 3). Removal of the sequence flanking the KH3 domain had
no inhibitory effect on levels of negative-strand synthesis ob-
served (Fig. 8B, lane 4). However, deletions in the KH3 domain
itself (e.g. KH3Δβ1 and KH3Δα3) completely inhibited
negative-strand synthesis (Fig. 8B, lanes 5 and 6). Therefore,
the intact KH3 domain alone was required to support high levels
of negative-strand synthesis.
We confirmed that the observed differences in negative-strand
synthesis were not due to an unexpected change in a givenFig. 9. The (MS2)2 fusion proteins bind to 5′CL
MS2 RNA with equal affinity.
(A) Electrophoretic mobility shift assays were performed using a radiolabeled
5′CLMS2 RNA probe. The probe was either run alone (lane 1), with a mock HeLa
S10 translation reaction (lane 2), or with HeLa S10 translation reactions in which
the indicated proteins were expressed (lanes 3–11). (B) The same HeLa S10
translation reactions used above were also incubated with [35S]methionine, and
the labeled protein products were analyzed by SDS-PAGE and autoradiography.(MS2)2 fusion protein that affected its ability to bind to 5′CL
MS2
RNA. EMSAs were performed using 5′CLMS2 RNA probe and
each of the (MS2)2 fusion proteins used in this study (Fig. 9A). In
each case, the labeled probe was shifted to form a slower-
migrating RNP complex similar to complex II in Fig. 4B.We also
characterized each of the (MS2)2 fusion proteins by SDS-PAGE
and autoradiography (Fig. 9B). The results of these experiments
showed that all of the (MS2)2 fusion proteins were synthesized in
the HeLa S10 translation reactions in similar amounts as stable,
full-length proteins that could efficiently bind to 5′CLMS2 RNA.
Therefore, taken together these results demonstrate that, when
tethered to the RNA, the KH3 domain alone was sufficient to
support initiation of PV negative-strand synthesis. This activity
was not an artifact of increased protein concentration or binding
affinity, and from deletion experiments, this activity appears to be
dependent on the intact tertiary structure of the KH domain.
Discussion
The work presented here demonstrated the requirement
for PCBP2 in the initiation of PV negative-strand synthesis.
Furthermore, we established that a direct PCBP–RNA interaction
was not required tomediate this function by developing and using
the (MS2)2 protein–RNA tethering system to investigate PV
negative-strand synthesis. We demonstrated the utility of this
system in analyzing regions in an essential cellular protein,
relative to PV replication, without affecting the other viral and
cellular processes inwhich the protein is involved. In doing so, we
have shown theKH3 domain, when tethered to the RNA,was able
to support the initiation of negative-stand RNA synthesis. This
suggests that a structurally conserved protein–protein or protein–
RNA interaction surface which is required for negative-strand
initiation exists within this conserved domain.We have also noted
the functional redundancy of the combined KH1/2 domains
relative to PV RNA replication, consistent with recent work
demonstrating the functionality of PCBP2 with the KH3 domain
deleted (Perera et al., 2007).
PCBP involvement in poliovirus RNA replication
Initial in vivo studies identified an RNP complex formed at
the 5′ end of PV genomic RNAwhich appeared to be involved
at some stage of RNA replication (Andino et al., 1990). Further
investigation of this complex revealed the presence of both a
viral (3CD) and cellular (PCBP2) protein, and showed that
disruption of this complex inhibited RNA replication (Andino
et al., 1993; Parsley et al., 1997). Further in vitro analysis using
a PCBP binding site point mutant, 5′CL(C24A), revealed an
additional role for PCBP2 in PV RNA stability (Murray et al.,
2001). Using an alternative approach, Walter et al. showed that
replication of a dicistronic PV RNA replicon was inhibited in
cell extracts which were depleted for PCBPs (Walter et al.,
2002). However, the above work was unable to directly account
for effects on RNA stability or differentiate between defects in
negative- and positive-strand synthesis.
Our results showed that a 5′CL(C24A) mutation, which
inhibits PCBP binding, also inhibits negative-strand synthesis
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replication assay, we showed that this defect was not a sec-
ondary effect of defects in either protein synthesis or RNA
stability. Therefore, these findings suggested but did not prove
that PCBP is an essential co-factor for the efficient initiation of
PV negative-strand synthesis.
(MS2)2 protein–RNA tethering assay demonstrated that PCBP
is required for poliovirus negative-strand synthesis
We directly addressed the role of PCBP2 in the initiation of
PV negative-strand synthesis, by developing a protein–RNA
tethering system. This system utilized the high-affinity interac-
tion of MS2 bacteriophage coat protein with its cognate RNA
stem-loop (Carey et al., 1983; Coller et al., 1998). We modified
this system as described by Hook et al. to take advantage of
the added specificity and efficacy conferred by using an MS2
protein covalent dimer, (MS2)2 (Hook et al., 2005). By re-
placing the natural PCBP binding site in the 5′CL of PV
genomic RNA with the MS2 stem-loop (5′CLMS2), we were
able to target the (MS2)2PCBP2 fusion protein to the 5′CL
MS2
RNA.
This system has many significant advantages over many
other approaches used to functionally characterize cellular pro-
tein involvement in virus replication. It is very difficult to isolate
individual functions of multifunctional cellular proteins using
techniques such as RNAi, gene knockout, protein depletion and
dominant-negative inhibition, which can result in a broad
spectrum of downstream effects unrelated to the function of
interest. In addition, some of these techniques are not feasible in
certain systems, while others present significant technical
challenges. The (MS2)2 protein–RNA tethering system could
be adapted for in vivo and in vitro use, and functional analysis
with this system can be performed with minimal disruption ofFig. 10. Model of circular RNA replication complex formation with PCBP2 and (MS2
RNP complex required to initiate negative-strand synthesis. Cellular proteins PCBP a
protein bridge which circularizes PV genomic RNA. Proteolytic cleavage of 3CD a
initiate negative-strand RNA synthesis. (B) Modified model in which (MS2)2PCBP
requisite interactions for genome circularization and the initiation of negative-strandother normal cellular processes. For poliovirus, PCBP is used in
both IRES-dependent translation and RNA replication. Our
analysis of PCBP's role in replication using the (MS2)2 protein–
RNA tethering system can be performedwithout affecting PCBP
binding to the IRES, since the fusion protein is targeted spe-
cifically to the 5′CL. The system also allows us to define the
protein tethered to the 5′CL precisely, thereby allowing us to
perform a mutagenic analysis of protein function.
Using the (MS2)2 protein–RNA tethering system, we
observed a significant defect in negative-strand synthesis of a
5′CLMS2 template RNA, concurrent with the loss of PCBP
binding to the 5′CLMS2. We then demonstrated a restoration of
negative-strand synthesis upon co-expression of the (MS2)2-
PCBP2 protein. This conclusively showed that PCBP2 tethered
to the 5′CL of PV genomic RNAwas required for the initiation
of negative-strand synthesis. Furthermore, PCBP's function in
this assay did not require a direct protein–RNA interaction with
the 5′CL, since tethered PCBP2 was capable of restoring
negative-strand synthesis.
The requirement for PCBP in negative-strand initiation is
consistent with the current model of PV replication complex
formation involving genome circularization mediated by
protein–protein interactions between RNP complexes formed
at the 5′ and 3′ ends of PV genomic RNA (Fig. 10A) (Herold and
Andino, 2001; Teterina et al., 2001; Barton et al., 2001; Lyons
et al., 2001). Amodel that takes into account the results observed
in this study using the (MS2)2 protein–RNA tethering system is
depicted in Fig. 10B. In this model, tethered PCBP2 interacts
with poly(A) binding protein (PABP), thereby circularizing the
genome and allowing the subsequent initiation of negative-
strand synthesis. This model suggests that the direct binding of
PCBP2 to the 5′CL can be bypassed using the tethering system.
As a result, this allows for the genetic manipulation of PCBP2
independent of its RNA binding function.)2PCBP2 in cell-free reactions. (A) Current model showing formation of circular
nd PABP bind to the 5′ and 3′ ends of PV RNA respectively, forming a protein–
t the 3′ end generates active 3D polymerase which utilizes viral protein VPg to
2 tethered to 5′CLMS2 RNA in place of PCBP2 is capable of forming the same
synthesis.
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PCBP2 is required for negative-strand initiation
An important application of a tethered function assay is the
mutational analysis of the tethered protein to determine the
regions involved in protein–protein or protein–RNA interac-
tions. This illustrates yet another advantage of this system in
that functional analysis of PCBP fragments can be performed
without requiring direct binding to the 5′CL. Using this system,
we were able to show that the KH3 domain of PCBP contains
sequences and structures sufficient for the functional interac-
tions involved in the initiation of negative-strand synthesis.
Based on the current model depicted in Fig. 10, the key protein–
protein interactions would be between PCBP, PABP and 3CD. It
is also possible that other proteins are involved, or an as yet
unknown RNA element in the viral genome.
We were also able to observe a functional redundancy in
PCBP2 residing in the amino-terminal KH1 and KH2 domains
that was capable of mediating similar critical interactions. This
function was not observed when either the KH1 or KH2 do-
mains were used separately. This is consistent with recent NMR
structural data, which indicated structural differences between
individual KH1 or KH2 domains and a tandem KH1/2 construct
from PCBP2 (Du et al., 2007). This and previous structural
studies have identified large hydrophobic faces on KH1 and
KH2 which would allow an intramolecular interaction of the
two domains, further intertwining the function of the KH1 and
KH2 domains (Du et al., 2005, 2007). These results are also
consistent with the recent work by Perera et al which demon-
strated the ability of PCBP2 with a KH3 deletion to restore PV
RNA replication in PCBP2 depleted cell extracts (Perera et al.,
2007).
Dimerization domains in PCBP2 have been identified func-
tionally in KH2 (Bedard et al., 2004) and structurally in KH1
(Du et al., 2005). Because the fully functional KH3 fragment
did not contain either of these regions, this would indicate that
dimerization of PCBP2 is not required to mediate the inter-
actions required for negative-strand initiation. This does not rule
out the possibility that dimerization of PCBP may be involved
in PCBP binding to the 5′CL, since this interaction has been
bypassed using the protein–RNA tethering system.
Further extensions of the (MS2)2 protein–RNA tethering assay
in studying virus replication and virus–host interaction
A defining characteristic of a virus is its ability to com-
mandeer its host cell and subvert the cellular machinery for its
own replication. This process includes the specific integration
of key host proteins into defined steps in the viral life cycle.
This relieves the need of the viral genome to encode such
proteins, but also functions as a post-entry determinant in cell
tropism. For viruses like poliovirus which infect multiple dis-
tinct cell types, these cellular protein determinants could func-
tion as modulators, allowing the virus to tailor its replication to
the cell type it has infected. These unique interactions between
viral and cellular proteins are very attractive antiviral drug
targets, particularly given that cellular protein evolution is notsubject to the same selective pressures as viral proteins. The
(MS2)2 protein–RNA tethering system used in this study pro-
vides an attractive experimental system for additional studies on
virus–host interactions critical to our understanding of virus
replication and cellular protein function.
Materials and methods
Poliovirus cDNA clones
A previously described cDNA clone of theMahoney strain of
type I poliovirus, designated pT7-PV1(A)80 (Barton et al.,
2001), was used as the parent clone for the following constructs.
(i)pPV1ΔGUA3 is a previously described construct which gen-
erates an RNA transcript with a 5-nt deletion in the 3′ NTR,
known to inhibit negative-strand synthesis without affecting
translation (Barton et al., 2001). (ii)pP23 is a previously de-
scribed construct with a deletion of the P1 capsid coding region
(Jurgens and Flanegan, 2003). RNA transcripts of this construct
express all essential replication proteins from the P2 and P3
regions of the viral genome (Fig. 1A). These transcripts function
as an RNA replicon, allowing only for negative-strand synthesis.
(iii)pRzP23 was generated from pP23 by inserting a hammer-
head ribozyme (Rz) downstream of the T7 promoter, producing
of RNA transcripts with authentic poliovirus 5′ ends (Barton
et al., 2002; Morasco et al., 2003). These authentic ended tran-
scripts function as replicons, capable of both positive- and
negative-strand synthesis. (iv)pP23–5′CL(C24A) and pRzP23–
5′CL(C24A) were engineered using site-directed mutagenesis.
(vi)pP23–5′CL(MS2) was generated by replacing nts 12–32 in
pP23 (stem-loop b of 5′CL) with a 19 nt stem-loop cDNA from
the MS2 bacteriophage genome sequence [ACATGAGGAT-
TACCCATGT] (Fig. 1B) (Krug et al., 1982). Proper folding of
the resultant RNA 5′CL was verified using the Mfold RNA
structure prediction program (Zuker et al., 1999) (vii)pF3 is a
previously described construct in which the P1 and P2 coding
regions were deleted, and a frameshift mutation was engineered
near the beginning of the P3 coding region (Fig. 1A) (Sharma
et al., 2005). (viii)pF3–5′CL(C24A) was generated from pF3
using site-directed mutagenesis. All constructs were verified by
sequencing at the DNA Sequencing Core Laboratory (ICBR,
University of Florida).
PCBP2, (MS2)2, and (MS2)2PCBP2 cDNA expression constructs
A previously described vector, pDJB2, was used as both a PV
expression vector and as a transcription template for the non-
translating RNA used in mock translation reactions (Jurgens and
Flanegan, 2003). The pDJB2 vector contains both the authentic
PV 5′ and 3′ NTRs, but produces no detectible translation
products. A cDNA clone containing the PCBP2 coding sequence
was generously provided by Dr. Raul Andino (Gamarnik and
Andino, 1997). The PCBP2 coding sequence was PCR amplified
from plasmid DNA and cloned into the MscI site of pDJB2,
generating pPCBP2. TheMS2 coding sequence (Min et al., 1972)
was synthesized by GeneArt, optimizing codon usage for both
mammalian and bacterial expression. The synthetic DNA
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upstream of the initiating AUG. For expression and cloning
purposes, the MS2 coding sequence was tailed with a 3′ RGSH
linker (Kong et al., 2003) and the 5′ nucleotides of the PCBP2
coding sequence through the AleI site. This synthetic MS2 DNA
was digested and cloned into the SmaI and AleI sites of the
PCBP2 expression construct, generating an in-frame fusion of
MS2 and PCBP2. Using two-step PCR, a second MS2 coding
regionwas fused, in-frame, upstream of the originalMS2–PCBP2
sequence, generating the p(MS2)2PCBP2 expression construct, in
which the two MS2 sequences were joined with a GAPGIHPGM
peptide linker, described by Hook et al. (Hook et al., 2005). The
p(MS2)2 construct was generated by introducing two stop codons
in the (MS2)2PCBP2 plasmid, following the RGSH linker se-
quence, using site-directed mutagenesis. The PCBP2 coding se-
quence was then removed from this construct by restriction digest
and re-ligation. The following PCBP2 fragments were generated
by PCR, and recloned, in place of the PCBP2 coding sequence,
into theAleI andXhoI sites of p(MS2)2PCBP2, downstreamof the
RGSH linker sequence. (i)p(MS2)2KH1[Region] contains the
coding sequence for amino acids 1–91 of PCBP2 fused to (MS2)2.
(ii)p(MS2)2KH2[Region] contains the coding sequence for amino
acids 90–233 of PCBP2 fused to (MS2)2. (iii)p(MS2)2KH3
[Region] contains the coding sequence for amino acids 234–364
of PCBP2 fused to (MS2)2. (iv)p(MS2)2KH1/2[Region] contains
the coding sequence for amino acids 1–233 of PCBP2 fused
to (MS2)2. (v)p(MS2)2KH3[Domain] contains the coding se-
quence for amino acids 269–357 of PCBP2 fused to (MS2)2.
(vi)p(MS2)2KH3-Δβ1 has amino acids 270–279 of PCBP2
deleted from the context of the p(MS2)2KH3[Domain] clone,
deleting the firstβ-strand of the KH3 domain. (vii) p(MS2)2KH3-
Δα3 has amino acids 341–357 of PCBP2 deleted from the
context of the p(MS2)2KH3[Domain] clone, deleting the last
α-helix of the KH3 domain. All protein expression clones
generate RNA transcripts with the same 5-nt deletion in the 3′
NTR (ΔGUA3) described above, which prevents the transcripts
from functioning as RNA replicons (Barton et al., 2001).
RNA transcript preparation
Plasmid DNA was linearized using MluI, transcribed in vitro
using bacteriophage T7 RNA polymerase, and purified as
previously described (Barton et al., 1996). For RNA transcripts
containing the Rz sequence, transcription conditions were altered
to optimize Rz cleavage (Morasco et al., 2003). To synthesize
RNAs with a 7mG cap analog, the final GTP concentration was
lowered to 0.2mM, and 0.8mM7mG[5′]ppp[5′]G cap analogwas
added to the transcription reaction mixture (Barton et al., 2001).
HeLa S10 translation–RNA replication reactions
HeLa S10 extracts and HeLa cell translation initiation factors
were prepared as described by Barton et al. (Barton et al., 1996).
The HeLa S10 translation–replication reactions were performed
as previously described (Barton et al., 1996, 1999). Transcript
RNA(s) (5 μg) were added to 100 μL reaction mixtures in the
presence of 2mMguanidineHCl, andwere incubated for 3–4 h at34 °C. Preinitiation–replication complexes (PIRCs) were isolated
from these reactions by centrifugation and were resuspended
in a replication buffer containing [α-32P]CTP and 50 μg/mL
puromycin (Barton et al., 1995; Barton et al., 1996; Barton et al.,
2002). The resuspended PIRCs were incubated at 37 °C for 1 h,
and the resulting 32P-labeled product RNAs were analyzed by
CH3HgOH 1% agarose gel electrophoresis. The labeled RNAs
were detected by autoradiography and quantitated using a
PhosphorImager. Trans-replication assays were conducted as
previously described (Morasco et al., 2003). These reactions
contained equimolar amounts of a subgenomic replicon RNA and
a non-replicating helper RNA as a protein provider. 32P-labeled
product RNAs were analyzed as described above.
Bacterial protein expression
The PCBP2 coding sequence was removed from pPCBP2 by
digestion with NcoI and XhoI, and ligated into the correspond-
ing sites of similarly digested pET16b plasmid DNA (Nova-
gen). This plasmid was transformed into BL21(DE3) pLysS
competent cells (Novagen) and a single colony was used to
inoculate 50 mL of LB broth. Protein expression was induced
with 1 mM IPTG at an OD600 of ∼0.5. Cleared protein extracts
were prepared as described in Andino et al. (Andino et al.,
1993). The resultant protein did not contain a poly-His tag due
to the specific restriction enzymes used for cloning.
RNA electrophoretic mobility shift assays
DNA templates, either pP23 (wild-type) or pP23–5′CL
(MS2), were digested with HgaI, which cuts 30-nts past the 5′
CL. Cut DNAs were purified by phenol:chloroform extraction
and ethanol precipitation. 32P-labeled 5′CL probes were made
by T7 transcription of cut DNA in the presence of [α-32P]CTP
(400 Ci/mmol). Probes were purified by passage over NucAway
Spin Columns (Ambion), followed by phenol:chloroform
extraction and ethanol precipitation. Electrophoretic mobility
shift assays (EMSA) were performed based on a modified
protocol described previously (Andino et al., 1990). HeLa S10
translation reactions were incubated for 4 h at 34 °C using
transcript RNAs expressing PCBP2, (MS2)2, or (MS2)2PCBP2.
Mock HeLa S10 translation reactions were prepared by adding a
non-translating RNA (DJB2 RNA) and were incubated for 4 h
at 34 °C. Binding reactions were performed by pre-incubating
1.5 μL of translation reaction mixture in a 9 μL reaction,
containing binding buffer, 20 μg yeast tRNA, and 40 U RNAsin
(Promega) at 30 °C for 10 min. 32P-labeled riboprobe (20 fmol)
was then added to the reaction and was incubated with the
protein mixture at 30 °C for 10 min prior to addition of loading
buffer. Protein–RNA complexes were resolved on 5% poly-
acrylamide native gels with 5% glycerol in 0.5× Tris–Borate–
EDTA and visualized by autoradiography (Andino et al., 1990).
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